In this study, various structuring methods for creating adhesion by mechanical interlocking in the interface of metal/FRP (fiber-reinforced polymer) joints are investigated. A novel processing route using thermal spray coatings as additive structure is presented. Different coating systems are first assessed by axial loading tests with spray-coated plungers for the evaluation of the additive layer adhesion on the metallic base material. Additional microstructures, produced by different abrasive processes (corundum blasting, laser structuring, and fine milling) are compared with the additive structures. All surface structures are characterized by electron microscopy for two sheet materials: DC06 and AA6016-T4. The abrasive structures show a significant material dependence, while the selected coating system offers the adjustment to different base materials by an independent surface layer. The structured metal sheets were further joined to glass-fiber-reinforced polyamide 6 (PA6) by hot pressing to evaluate the interface properties in tensile shear tests. The results confirm a suitability of thermal spray coatings for providing a high bonding strength in metal/FRP joints for both investigated metallic substrate materials.
Introduction
Hybrid material compounds, consisting of metal and fiber-reinforced polymer (FRP), are very common for lightweight structures in the aviation field, as well as in the automotive industry, due to their high strength-to-weight ratio. A key challenge is the joining of those dissimilar materials, especially metal and polymer. Currently, hybrid material compounds are generated by
• adhesive bonds by Huang et al. [1] , • mechanical joints with rivets shown by Di Franco et al. [2] or bolts by Matsuzaki et al. [3] , • mechanical joining by plastic deformation of the metal and polymer partner (e.g., clinching showed by Lambiase and Di Ilio [4] and Friedrich et al. [5] ), • friction spot or lap welding by Amancio-Filho et al. [6] and Liu et al. [7] , • ultrasonic spot welding by Wagner et al. [8] and Mitschang et al. [9] .
• direct joining by hot pressing with adhesion promoters by Yulinova et al. [10] and without by Sickert and Haberstroh [11] , and • laser-assisted joining by Katayama and Kawahito [12] .
Adhesive bonding is the state of the art in joining metal and FRP. Huang et al. [13] studied adhesively bonded joints between aluminum and FRP, which resulted in low tensile shear strength
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Materials Characterization
The investigated hybrid metal/FRP compounds consist of a glass-fiber reinforced PA6 (2-layered with a 0 • /90 • fiber orientation) connected to DC06 as a low carbon deep drawing steel and an AA6016-T4 aluminum alloy, respectively. The material properties are shown in Table 1 . A differential scanning calorimetry (DSC) measurement of the FRP has been carried out for determining the process window for hot pressing of the compound. Figure 1 shows two endothermic peaks for the melting and decomposition temperatures of the PA6 at 496 K and 730 K, respectively. window for hot pressing of the compound. Figure 1 shows two endothermic peaks for the melting and decomposition temperatures of the PA6 at 496 K and 730 K, respectively. Figure 1 . DSC measurement of the FRP with two endothermic peaks indicating the melting and decomposition temperatures.
Surface Pretreatment
For the specific design of an integration zone, a suitable surface treatment is necessary. During the conducted investigations, micro-and macrostructures were generated on the DC06 and AA6016-T4 surface. This leads to a higher specific surface area, and provides good conditions for an optimal mechanical interlocking of the PA6. Thermal spraying, corundum blasting, and laser structuring were chosen as microstructuring methods. The macrostructures were generated by milling. The corundum blasting was carried out with aluminum oxide EK-F-24 at a pressure of 2 bar with a blasting angle of 70° and a distance of 200 mm. Arc wire spraying has been chosen for the thermal spray coating process, due to its advantageous properties in terms of processability, productivity, and cost efficiency. The arc wire spray system VisuArc 350 (Sulzer, Winterthur, Switzerland) was used to apply the spray layers, Figure 2 . NiAl5, NiAl20, and NiCr20 (cored wire thickness: 1.6 mm) have been chosen as spraying materials, as these alloys are typical bond coat materials in thermal spraying, referring to Davis [23] and American Welding Society [24] . The used alloys, as well as the corresponding parameters of the thermal spraying process, can be seen in Table 2 . 
For the specific design of an integration zone, a suitable surface treatment is necessary. During the conducted investigations, micro-and macrostructures were generated on the DC06 and AA6016-T4 surface. This leads to a higher specific surface area, and provides good conditions for an optimal mechanical interlocking of the PA6. Thermal spraying, corundum blasting, and laser structuring were chosen as microstructuring methods. The macrostructures were generated by milling. The corundum blasting was carried out with aluminum oxide EK-F-24 at a pressure of 2 bar with a blasting angle of 70 • and a distance of 200 mm. Arc wire spraying has been chosen for the thermal spray coating process, due to its advantageous properties in terms of processability, productivity, and cost efficiency. The arc wire spray system VisuArc 350 (Sulzer, Winterthur, Switzerland) was used to apply the spray layers, Figure 2 . window for hot pressing of the compound. Figure 1 shows two endothermic peaks for the melting and decomposition temperatures of the PA6 at 496 K and 730 K, respectively. 
For the specific design of an integration zone, a suitable surface treatment is necessary. During the conducted investigations, micro-and macrostructures were generated on the DC06 and AA6016-T4 surface. This leads to a higher specific surface area, and provides good conditions for an optimal mechanical interlocking of the PA6. Thermal spraying, corundum blasting, and laser structuring were chosen as microstructuring methods. The macrostructures were generated by milling. The corundum blasting was carried out with aluminum oxide EK-F-24 at a pressure of 2 bar with a blasting angle of 70° and a distance of 200 mm. Arc wire spraying has been chosen for the thermal spray coating process, due to its advantageous properties in terms of processability, productivity, and cost efficiency. The arc wire spray system VisuArc 350 (Sulzer, Winterthur, Switzerland) was used to apply the spray layers, Figure 2 . NiAl5, NiAl20, and NiCr20 (cored wire thickness: 1.6 mm) have been chosen as spraying materials, as these alloys are typical bond coat materials in thermal spraying, referring to Davis [23] and American Welding Society [24] . The used alloys, as well as the corresponding parameters of the thermal spraying process, can be seen in Table 2 . NiAl5, NiAl20, and NiCr20 (cored wire thickness: 1.6 mm) have been chosen as spraying materials, as these alloys are typical bond coat materials in thermal spraying, referring to Davis [23] and American Welding Society [24] . The used alloys, as well as the corresponding parameters of the thermal spraying process, can be seen in Table 2 . A fiber laser (ytterbium, wavelength: 1064 nm) was used for laser structuring the metallic joining partners. The laser parameters (Table 3) had to be adjusted to the different materials, due to the lower absorption coefficient of the aluminum, which results in a lower coupling of the laser beam and an associated restriction of the processing options. The macrostructures were produced by milling. The cutting speed was set to 150 m/min, and the feed speed to 0.3 mm/tooth. The resulting macrostructure consists of pyramid-shaped elements with a height of 0.5 mm and an angle of 45 • .
Additionally, the surface roughness was measured by tactile incision technique using a T8000 system (Hommel-Etamic, Jena, Germany). All measurements were performed with a TKU300 tip using uniform parameters for all structures (measurement length = 1.5 mm, velocity = 0.5 mm/s, point distance = 0.5 µm).
Mechanical Testing of Adhesive Strength
Axial loading tests according to DIN EN 582 for the preselection of the spray system were performed utilizing adhesive pads FM1000 (Cytec Solvey Group, Woodland Park, CO, USA) in combination with the spray-coated metal plungers ( Figure 3a) . The specimens were joined to the adhesion pads by hot pressing. Metal plungers with a length of 50 mm and a diameter of 25 mm were used. During the joining process for the axial loading tests, the samples were treated at 473 K and fixed for a constant joining pressure in a preheated furnace for 90 min. Afterwards, cooling down was conducted directly in the furnace for approximately 300 min. After preselection of the coating system, the feedstock material was applied to the plungers of both metallic materials, DC06, and AA6016-T4. Furthermore, the bonding strength was examined in dependency of the pretreatment state of the surface using FRP as a joining partner (Figure 3b ). A fiber laser (ytterbium, wavelength: 1064 nm) was used for laser structuring the metallic joining partners. The laser parameters (Table 3) had to be adjusted to the different materials, due to the lower absorption coefficient of the aluminum, which results in a lower coupling of the laser beam and an associated restriction of the processing options. The macrostructures were produced by milling. The cutting speed was set to 150 m/min, and the feed speed to 0.3 mm/tooth. The resulting macrostructure consists of pyramid-shaped elements with a height of 0.5 mm and an angle of 45°.
Additionally, the surface roughness was measured by tactile incision technique using a T8000 system (Hommel-Etamic, Jena, Germany). All measurements were performed with a TKU300 tip using uniform parameters for all structures (measurement length = 1.5 mm, velocity = 0.5 mm/s, point distance = 0.5 µ m).
Axial loading tests according to DIN EN 582 for the preselection of the spray system were performed utilizing adhesive pads FM1000 (Cytec Solvey Group, Woodland Park, CO, USA) in combination with the spray-coated metal plungers (Figure 3a) . The specimens were joined to the adhesion pads by hot pressing. Metal plungers with a length of 50 mm and a diameter of 25 mm were used. During the joining process for the axial loading tests, the samples were treated at 473 K and fixed for a constant joining pressure in a preheated furnace for 90 min. Afterwards, cooling down was conducted directly in the furnace for approximately 300 min. After preselection of the coating system, the feedstock material was applied to the plungers of both metallic materials, DC06, and AA6016-T4. Furthermore, the bonding strength was examined in dependency of the pretreatment state of the surface using FRP as a joining partner (Figure 3b ). In order to optimize the joining process, the two plungers were inductively heated to 558 K within 20 s, followed by insertion of the FRP between the plungers and applying a joining pressure of 0.3 MPa. As a result of the optimized joining process, the samples are completely cooled down within 5 min. Axial loading tests were performed at 1 mm/min traverse speed in a tensile testing machine with a standard load cell Z020 (Zwick/Roell, Ulm, Germany). The bonding strength was determined using the calculated circular contact area of 491 mm 2 .
Tensile shear tests were carried out in accordance to DIN EN 1465 to evaluate the shear strength of a single lap joint, Figure 3c . Metal and FRP stripes with a length of 100 mm and a width of 25 mm were bonded to each other with an overlapping length of 5 mm. In contrast to the standardized geometry, the overlap length was reduced from 12.5 mm to 5 mm, in order to enable a meaningful testing of high shear strength, due to a more homogeneous stress distribution among the interface (Saborowski et al. [25] ). For tensile shear strength testing, the specimens were produced utilizing a die heating process (see Figure 4a for the lap shear specimen production tool). According to the production parameters determined by Haberstroh and Sickert [26] , a joining pressure of 0.3 MPa and a maximum joining temperature of 558 K were chosen. During the joining process, the die is heated until the maximum joining temperature inside of the integration zone is reached, and immediately afterwards cooled down via an air-cooling system until the temperature drops below 373 K (Figure 4b ). The pressure is maintained constant over the whole production time to prevent the formation of cavities in the polymer during the cooling process (Flock [27] ). The temperature in the integration zone is observed by a thermocouple placed inside a drill-hole slightly below the metal surface. Finally, the specimens were tested in a tensile testing machine Z020 (Zwick/Roell, Ulm, Germany) under a constant crosshead speed of 1 mm/min. The tensile shear strength was determined using the nominal value of the rectangular contact area of 125 mm 2 . In order to optimize the joining process, the two plungers were inductively heated to 558 K within 20 s, followed by insertion of the FRP between the plungers and applying a joining pressure of 0.3 MPa. As a result of the optimized joining process, the samples are completely cooled down within 5 min. Axial loading tests were performed at 1 mm/min traverse speed in a tensile testing machine with a standard load cell Z020 (Zwick/Roell, Ulm, Germany). The bonding strength was determined using the calculated circular contact area of 491 mm².
Tensile shear tests were carried out in accordance to DIN EN 1465 to evaluate the shear strength of a single lap joint, Figure 3c . Metal and FRP stripes with a length of 100 mm and a width of 25 mm were bonded to each other with an overlapping length of 5 mm. In contrast to the standardized geometry, the overlap length was reduced from 12.5 mm to 5 mm, in order to enable a meaningful testing of high shear strength, due to a more homogeneous stress distribution among the interface (Saborowski et al. [25] ). For tensile shear strength testing, the specimens were produced utilizing a die heating process (see Figure 4a for the lap shear specimen production tool). According to the production parameters determined by Haberstroh and Sickert [26] , a joining pressure of 0.3 MPa and a maximum joining temperature of 558 K were chosen. During the joining process, the die is heated until the maximum joining temperature inside of the integration zone is reached, and immediately afterwards cooled down via an air-cooling system until the temperature drops below 373 K ( Figure  4b ). The pressure is maintained constant over the whole production time to prevent the formation of cavities in the polymer during the cooling process (Flock [27] ). The temperature in the integration zone is observed by a thermocouple placed inside a drill-hole slightly below the metal surface. Finally, the specimens were tested in a tensile testing machine Z020 (Zwick/Roell, Ulm, Germany) under a constant crosshead speed of 1 mm/min. The tensile shear strength was determined using the nominal value of the rectangular contact area of 125 mm². 
Results and Discussion
Preselection of Thermal Spray Coating Material
To choose a suitable thermal spray feedstock material, the adhesion between the coating materials and the DC06 plunger was investigated, Table 2 . The coating thickness as well as the surface pretreatment were investigated, Figure 5a . The lowest coating thickness, in combination with the corundum-blasted surface, indicates the highest bonding strength (about 60 MPa), which is independent of the coating material. Moreover, the bonding strength decreases with increasing layer thickness.
NiCr20 shows a drop of only 25% when comparing the bonding strength at 40 μm and 320 μm coating thickness. The pretreatment of surface strongly affects the achievable bonding strength. A non-blasted surface state reduces the bonding strength, since the mechanical interlocking between the substrate and coating material is less pronounced. The achieved higher values for NiAl5 can be 
Results and Discussion
Preselection of Thermal Spray Coating Material
NiCr20 shows a drop of only 25% when comparing the bonding strength at 40 µm and 320 µm coating thickness. The pretreatment of surface strongly affects the achievable bonding strength. A non-blasted surface state reduces the bonding strength, since the mechanical interlocking between the substrate and coating material is less pronounced. The achieved higher values for NiAl5 can be explained by micro metallurgical bonding resulting from the exothermic reaction between the alloy components [28] . The determined bonding strength of the coatings, with the exception of NiCr20 by non-blasted substrate, were far above 25 MPa. The high adhesion strength of the spray coatings is one of the key requirements for the suitability of thermal spray coatings as an adhesion promoter in metal/FRP compounds. For all further experiments, NiAl5 was chosen as suitable representative material for this feedstock class. The results for the specimen with FRP as joining partner are presented in Figure 5b . The tensile strength is in a range of 10-12 MPa for both metallic plunger materials. A roughening of the surface by corundum blasting only affects the bonding strength insignificantly. Consequently, it is appropriate to apply the thermal spray coating to the non-blasted surface.
Characterization of Structured Metal Surfaces
Scanning electron microscope (SEM) surface images for the two sheet materials are shown in Figure 6 . The corundum blasted surfaces exhibit a random distribution of the surface structure with Rz = 36 µm, whereby the aluminum material shows a higher roughness (Rz = 81 µ m) because of its lower hardness. The surface structure of the NiAl5 coating offers similar surface characteristics for both substrate materials. The surface roughness is randomly distributed and has similar peak values (DC06 NiAl5: Rz = 85 µm, Al6016-T4 NiAl5: 88 µ m) compared to the corundum-blasted AA6016-T4. The laser structured surfaces show a homogenous grid with height peaks of about 80 µ m for DC06, and 20 µ m for the aluminum material. Additionally, the edges are covered by melted substrate material, which increases the specific surface area again. The differences in the laser structure of DC06 and AA6016-T4 are presumably caused by different absorption coefficients. The milled surfaces exhibit pyramidal structures. Comparing the different milled surfaces, a homogeneous structure was achieved in case of AA6016-T4, while DC06 shows several residues, which could, for example, promote better mechanical clamping to FRP. In summary, a considerable number of undercuts, as well as a high specific surface area, ensures sufficient potential for a high joining strength between metal and FRP. The results for the specimen with FRP as joining partner are presented in Figure 5b . The tensile strength is in a range of 10-12 MPa for both metallic plunger materials. A roughening of the surface by corundum blasting only affects the bonding strength insignificantly. Consequently, it is appropriate to apply the thermal spray coating to the non-blasted surface.
Scanning electron microscope (SEM) surface images for the two sheet materials are shown in Figure 6 . The corundum blasted surfaces exhibit a random distribution of the surface structure with R z = 36 µm, whereby the aluminum material shows a higher roughness (R z = 81 µm) because of its lower hardness. The surface structure of the NiAl5 coating offers similar surface characteristics for both substrate materials. The surface roughness is randomly distributed and has similar peak values (DC06 NiAl5: R z = 85 µm, Al6016-T4 NiAl5: 88 µm) compared to the corundum-blasted AA6016-T4. The laser structured surfaces show a homogenous grid with height peaks of about 80 µm for DC06, and 20 µm for the aluminum material. Additionally, the edges are covered by melted substrate material, which increases the specific surface area again. The differences in the laser structure of DC06 and AA6016-T4 are presumably caused by different absorption coefficients. The milled surfaces exhibit pyramidal structures. Comparing the different milled surfaces, a homogeneous structure was achieved in case of AA6016-T4, while DC06 shows several residues, which could, for example, promote better mechanical clamping to FRP. In summary, a considerable number of undercuts, as well as a high specific surface area, ensures sufficient potential for a high joining strength between metal and FRP.
DC06 laser
AA6016-T4 laser DC06 milling AA6016-T4 milling DC06 blasted AA6016-T4 blasted AA6016-T4 NiAl5 DC06 NiAl5 Figure 6 . SEM images of the differently structured surfaces for DC06 and AA6016-T4. Figure 7 shows the results of the tensile shear tests for the metal/FRP specimens with the differently structured metal surfaces. There is a significant influence of the surface pretreatment on the shear strength. The most promising methods in terms of high shear strength are laser treatment and the thermally sprayed NiAl5 coating. Thermal spraying ensures mechanical clamping by several undercuts, and reduces the influence of the substrate material through adjustment of the coating material.
Tensile Shear Properties of FRP/Metal Joints
Consequently, a high bonding strength between the metallic sheet and FRP is ensured. The corundum blasting and milling treatments show significant differences in surface structures as well as in the resulting shear strength, depending on the used sheet material. When comparing the surface topography ( Figure 6 ) of the different structures with the bonding strength, assessment of the determined bonding strength becomes possible. Corundum blasting of AA6016-T4 results in a higher roughness in contrast to DC06. By using equal parameter conditions, the relatively soft aluminum substrate shows a significantly higher abrasive effect than steel. The higher roughness is presumably the main reason for the higher bonding strength caused by enhanced mechanical interlocking of the polymer melt. Laser structuring shows only a minor material influence and a good mechanical clamping is provided in tensile shear testing. The resulting structure using the milling process differs significantly between steel and aluminum. A high number of slats in the pre-milled lines of the DC06 substrate builds undercuts for the polymer melt. AA6016-T4 does not show such structures, while shear strength is the lowest of all compared structures. Figure 7 shows the results of the tensile shear tests for the metal/FRP specimens with the differently structured metal surfaces. There is a significant influence of the surface pretreatment on the shear strength. The most promising methods in terms of high shear strength are laser treatment and the thermally sprayed NiAl5 coating. Thermal spraying ensures mechanical clamping by several undercuts, and reduces the influence of the substrate material through adjustment of the coating material.
Consequently, a high bonding strength between the metallic sheet and FRP is ensured. The corundum blasting and milling treatments show significant differences in surface structures as well as in the resulting shear strength, depending on the used sheet material. When comparing the surface topography (Figure 6 ) of the different structures with the bonding strength, assessment of the determined bonding strength becomes possible. Corundum blasting of AA6016-T4 results in a higher roughness in contrast to DC06. By using equal parameter conditions, the relatively soft aluminum substrate shows a significantly higher abrasive effect than steel. The higher roughness is presumably the main reason for the higher bonding strength caused by enhanced mechanical interlocking of the polymer melt. Laser structuring shows only a minor material influence and a good mechanical clamping is provided in tensile shear testing. The resulting structure using the milling process differs significantly between steel and aluminum. A high number of slats in the pre-milled lines of the DC06 substrate builds undercuts for the polymer melt. AA6016-T4 does not show such structures, while shear strength is the lowest of all compared structures. Figure 6 . SEM images of the differently structured surfaces for DC06 and AA6016-T4. Figure 7 shows the results of the tensile shear tests for the metal/FRP specimens with the differently structured metal surfaces. There is a significant influence of the surface pretreatment on the shear strength. The most promising methods in terms of high shear strength are laser treatment and the thermally sprayed NiAl5 coating. Thermal spraying ensures mechanical clamping by several undercuts, and reduces the influence of the substrate material through adjustment of the coating material.
Consequently, a high bonding strength between the metallic sheet and FRP is ensured. The corundum blasting and milling treatments show significant differences in surface structures as well as in the resulting shear strength, depending on the used sheet material. When comparing the surface topography ( Figure 6 ) of the different structures with the bonding strength, assessment of the determined bonding strength becomes possible. Corundum blasting of AA6016-T4 results in a higher roughness in contrast to DC06. By using equal parameter conditions, the relatively soft aluminum substrate shows a significantly higher abrasive effect than steel. The higher roughness is presumably the main reason for the higher bonding strength caused by enhanced mechanical interlocking of the polymer melt. Laser structuring shows only a minor material influence and a good mechanical clamping is provided in tensile shear testing. The resulting structure using the milling process differs significantly between steel and aluminum. A high number of slats in the pre-milled lines of the DC06 substrate builds undercuts for the polymer melt. AA6016-T4 does not show such structures, while shear strength is the lowest of all compared structures. Presumably, the main influence on bonding strength of the investigated structures is mechanical clamping. A combination of undercuts and randomized surface structures with a certain roughness lead, especially in the case of spray coated and laser structured interfaces, to high values in bonding strength. When comparing the time of manufacturing for a specific surface area, the potential of thermal spray coating becomes obvious. While laser structuring offers approximately the same interface strength, the required manufacturing time for these abrasive structures is significantly higher. Considering the differences in processing parameters used in this study (which depend on the treated metal sheet) e.g., velocity, line distance and the additional secondary overrun (rotated under 90 • ), laser structuring takes about 6000-16,000 times longer for the same specific surface area in comparison to thermal spraying. Furthermore, processing parameters for all abrasive treatments, including laser structuring, need to be adjusted in a complex way when changing the type of base material. In contrast, thermal spraying delivers a reproducible and similar bonding strength for different substrate materials and the combination of different materials for FRP/metal compounds is facilitated.
Conclusions
An experimental study of different surface structuring methods as adhesion promoter for joining hybrid metal/FRP compounds has been carried out in this work. Thermal spray technology is presented as a new approach for additive structuring of the metallic surface.
NiAl5 as feedstock material exhibits a good adhesion even on smooth metallic surfaces. A material adjustment is implemented by the coating, which provides a similar bonding strength in metal/FRP compounds regardless of the metallic part. Especially, the high surface roughness with undercuts is suitable for mechanical clamping. With a shear strength of 23-24 MPa, the thermal spray coating achieved the best results of all presented structuring methods. Laser structuring showed similarly good results (−4.2% DC06/−4.3% AA6016-T4), whereas corundum blasting achieves a considerably lower adhesion (−45.8% DC06/−29.2% AA6016-T4) and the investigated milling structure is not useful at all (−51.1% DC06/−87.0% AA6016-T4). Taking into account the different surface topographies, the results can be explained in the following way:
•
The adhesion is mainly achieved by mechanical clamping when just using a structured surface without chemical adhesion promoters • A surface profile containing a considerable number of undercuts delivers the best results
The bonding strength is not influenced by the substrate material when using thermal spraying due to the almost identical surface characteristics • The time for manufacturing the surface structure is significantly reduced when using thermal spraying in comparison to laser structuring
